Genetic variability at the nucleic acid level has been examined in 16 Vicia faba accessions and in four Vicia species. Both six and four base-pair cutting restriction enzymes together with cDNA clones were used to assess the level of polymorphism detectable in Vicia section Faba. Nei's estimate of the number of shared fragments and principal co-ordinate analysis were used to examine and quantify the relationship between the Vicia accessions. The degree of polymorphism detected was considerably reduced when the four wild Vicia species were excluded from the analysis. One Vicia faba genotype, Ax B XC, a three-way hybrid, was responsible for the majority of the RFLPs identified within the Vicia faba genotypes. The identification of hybridisable but diverse parents will improve the efficiency of creating a linkage map based on molecular markers. The nature of the polymorphism detected in Vicia is discussed together with the role of molecular markers in Vicia faba improvement programmes.
INTRODUCTION
Vicia faba L. ranks as the most important grain legume in western Europe on the basis of annual tonnage produced and fifth ranked on world basis (Hebblethwaite et a!., 1984) . Despite its economic importance our knowledge of the basic genetics of this protein-rich diploid (2n = 2x = 12) organism is lacking. Ward and Chapman (1986) reported that only 27 nuclear loci had been identified in V.
faba. These genetic loci consist primarily of morphological traits and their specific chromo. somal location is largely unknown. Due to the pleiotropic effects associated with morphological mutant loci many of these markers are undesirable in a Viciafaba breeding programme. These factors together with the recessive nature of the mutant alleles have severly hindered the development and exploitation of genetic markers in this crop. Based on available morphological markers the construction of a genetic map of Vicia faba using conventional technology would be a slow process.
In order to expedite the production of linkage maps isozymes have been used in a range of crop plants (Tanksley and Orton, 1983) . These biochemical markers are generally selectively neutral, well distributed over the genome and interact in a co-dominant manner. Protein or isozyme variants have been used in Vicia for evolutionary and taxonomic studies (Yamamoto, 1986; Kaser and Steiner, 1983) , inbred line recognition and the determination of outcrossing frequencies Boulter, 1979, 1980) and cultivar identification (Bassiri and Roumani, 1977) . However, only a limited number of isozymes have been subjected to a rigorous genetical analysis (Peat and Adham, 1984, Mancini et a!., 1989) . While it is anticipated that isozyme markers will contribute significantly to our understanding of Vicia genetics their relatively limited numbers will limit their usefulness in constructing a linkage map.
Molecular markers share a number of advantages with isozymes and have the potential to generate a large number of markers for use in genetical analyses (Michelmore and Hulbert, 1987) . Linkage maps based on Restriction Fragment Length Polymorphisms (RFLPs) are being developed in several crops: tomato (Bernatzky and Tanskley, 1986) , maize (Helentjaris et a!., 1986; Burr et a!., 1988) , lettuce (Landry eta!., 1987) and potato (Bonierbale et a!., 1988; Gebhardt et al., 1989) . The potential usefulness of RFLPs is dependent on the degree creation and exploitation of linkage maps in tomato have involved interspecific hybridisation between Lycopersicon esculen turn and L. chrnielewskii (Nienhuis et aL, 1987; Paterson et aL, 1988) . Identifying the most genetically diverse parents for the creation of a segregating population is therefore a key feature for the development of a linkage map. Since interspecific hybrids invoving V faba cannot be produced (Ramsay and Pickersgill, 1986 ) the identification of sexually hybridisable but diverse parents is obviously important. As a first step in the creation of a linkage map in Vicia faba we have assessed the level of polymorphism for molecular markers in Vicia genotypes. Parents exhibiting a high degree of polymorphism have been identified for the creation of a segregating mapping population.
MATERIALS AND METHODS

Plant material
Sixteen accessions of Vicia faba and four other species from Vicia section Faba were selected from the collection present at the Scottish Crop Research Institute. Accessions were chosen to represent the full spectrum of variation within V. faba and to include modern cultivars and related species. A list of the accessions of V. faba and other species is given in table 1. (1984) . Powdered freeze dried material was mixed with CTAB extraction buffer (100mM TRIS pH 75, 1 per cent CTAB, O7 M NaC1, 10 mM EDTA, 1 per cent 2-mercaptoethanol) and incubated for one hour at 60°C. 9 ml of extraction buffer was used per 300-500 mg of tissue. The mixture was extracted with chloroform : isoamyl alcohol (24: 1) and centrifuged at 3500 rpm for 20 mm. The DNA containing aqueous phase was further purified with phenol and chloroform: IAA extractions prior to precipitation by addition of 06 vol of isopropanol. The precipitates were washed in 70 per cent ethanol and dissolved in an excess of TE buffer (10mM TRIS-HC1, 1 mM EDTA, pH 8.0). Finally, the DNA preparations were treated with RNase A (10..Lg/ml) for 15 mins at 68°C, reprecipitated with ethanol and dissolved in a small volume of TE at approximately 05 mg/ml. The DNA concentration was estimated by band-intensity on ethidium bromide stained gels. of Reed and Mann (1985) . Alternatively, AluI, HaeIII, HpaI, MboI, MspI, Pall, RsaI or TaqI digested DNA was prepared and electrophoresed on 40 cm denaturing polyacrylamide gels as described by Gebhardt et a!. (1989) . DNA was transferred to the membrane electrophoretically in 04 x TBE for 1 hour at 1 mA constant current in a Biorad electroblotting tank surrounded by iced water. DNA was bound to the membranes by baking at 80°C for 2 hours.
Library construction
RNA was isolated according to the method of Logemann et a!. (1987) using 10 g of fresh leaves of Vicia faba cv. Optica. Double stranded cDNA was synthesised using a cDNA-synthesis-kit (Pharmacia) following the manufacturers instructions.
The cDNA was ligated to EcoRI adaptors and cloned into the EcoRI site of pUC13. DH5a bacterial cells were transformed and recombinants identified as white colonies on ampicillin plates containing X-gal and IPTG (Maniatis et al., 1982 (specific activity 3000 Ci/mmol (Amersham)) using the random primer labelling method of Feinberg and Vogelstein (1984) .
Hybridisation and authoradiography The prehybridisation buffer contained: 5 x SSPE, 0.5 per cent SDS, SxDenhardts solution, 100 pg/ml sonicated salmon sperm DNA. The hybridisation buffer contained the same with the addition of Dextransulfate to 10 per cent (w/v). Membranes were pre-washed in 2 x SSC and prehybridised in glass bottles for one hour to overnight at 65°C in a rotating oven (Hybaid). Labelled probe was denaturated by heating to 100°C for 5 mm and added to approximately 20 ml of hybridisation buffer at 65°C. Hybridisation was for at least 12 hr at 65°C. Membranes were washed in 2xSSC, 05 per cent SDS at room temperature for 15 mm; 2 x SSC, 0.1 per cent SDS at room temperature for three groups. The first two of these were also observed in soybean (Apuya et al., 1988 Of the 38 probes, the hybridisation patterns from 14 were excluded from the results either because no hybridisation signal was detected or the signal was too weak to be useful. Of the remaining 24 probes, in 62 probe enzyme combinations, 20 detected at least one polymorphism. These results are summarised in table 3. similarity based on the number of shared fragments (Nei and Lei, 1979) Table 4 Nei's estimate of genetic similarity based on the proportion of shared fragments 1-20, refer to the genotypes in Table 1 In addition to Ax B x C, 172 and Optica were chosen as potential parents for the construction of a linkage map based on RFLPs. The use of restriction enzymes specific for four nucleotide target sites should increase the probability of detecting polymorphism since the frequency of restriction sites in a given segment of DNA is increased (Kreitman and Aquade, 1986) . A sample of 15 probes largely consisting of those not polymorphic for the 6 bp cutters was used in conjunction with the 4 bp cutters. An example of the polymorphism detected is given in fig. 4 for the probe 83. Although the resolution of the fragments is increased the frequency of poiymorphism detected was not much greater than that detected with 6 bp cutting enzymes, with only one additional polymorphic probe detected using this approach. In contrast to the preliminary survey which was performed with only 4 restriction enzymes, examination of the polymorphisms detected between Ax B x C and 172 with a wide range of probe x enzyme combinations indicates that only 4 of the 28 probes detect polymorphism with a single restriction enzyme. The lack of enzyme specificity associated with the detection of polymorphism suggests that alterations in the length of the fragments generated may be due to rearrangements of DNA by insertion or deletion rather than simple point mutations. This is similar to the situation found in soybean (Apuya et a!., 1988) and rice (McCouch et a!., 1989) where a significant proportion of the RFLPs are due to genomic rearrangements. The partially allogamous breeding system of Vicia faba is also of relevance and the degree of 338 heterogeneity was assessed on ten individual plants from five of the cultivars used in our initial survey (Optica, Ax B xc, 172, H51/3, Fritel) . Two probes in eight probe/enzyme combinations were tested and no within cultivar variability was detected for Optica, H51/3 and 172. Between plant variability was detected for Fritel, and Ax B x C. The within cultivar variability detected for Fritel is illustrated in fig. 5 . A total of six probes in 22 probe/enzyme combinations were examined and the information is given in table 7. All the probes examined were polymorphic with at least one restriction enzyme. For the ten individual plants of Fritel, nine unique RFLP patterns were found. For Ax B x C three probes were screened in 10 probe/enzyme combinations (table 8) The present manuscript represents the first report (Tanksley eta!., 1989) . Interspecific crosses involvto our knowledge of the examination of RFLPs in ing V. faba cannot be produced and the selection Vicia. The objectives were to assess the level of of the most diverse parents for subsequent crossing (Maluszynski, 1989) . It is generally difficult to determine the types of mutation causing the polymorphism detected in RFLP analysis (Landry et al., 1987) . However, the polymorphisms associated with Ax B x C did not appear to be specific to certain restriction enzymes which would suggest that genomic rearrangements may be responsible for the differentiation of Ax B x C from the other Vicia accessions. The nature of the polymorphisms identified in Vicia has parallels with that reported for soybean (Keim et aL, 1989) . In a survey of 58 soybean genotypes the majority of RFLP loci had only two alleles per locus and for some loci one allele was very rare. This is similar to our findings in Vicia where the majority of the polymorphisms are characterised by the presence of 2-3 hybridising bands. Isozyme studies in Vicia (Mancini et aL, 1989) have also indicated that multiple alleles are relatively rare. Glutamate oxaloacetate transaminase (GOT) isozymes examined by Mancini et al. at two loci, Got-3 and Got-2, were shown to be under the control of two and three alleles respectively. Superoxide dismutase (SOD) loci were also shown to be under the control of two alleles per locus.
The availability of molecular markers will allow the phylogenetic affinity between different Vicia accessions and species to be examined. The evolution and taxonomy of Vicia species has previously been studied by examining nuclear DNA content (Raina and Rees, 1983; Raina and Narayan, 1984; Brace, 1985; Youssef and Heseman, 1985) , the chloroplast (Ko et al., 1987; Ko and Straus, 1986) and the mitochondrial genome (Negruk, 1986) .
Detailed studies of the nuclear genome have been largely restricted to highly repeated (Kato et a!., 1984; Lamppa et a!., 1984; Yakura et al., 1984; Rogers and Benedict, 1987) or highly expressed (Wobus et aL, 1984) DNA sequences. The use of low copy eDNA clones identified in the present study will provide another approach to examining DNA diversity in Vicia.
The availability of a linkage map based on molecular markers offers new opportunities for applications in genetics and breeding . In particular the potential of establishing linkage between a diagnostic marker and important agronomic traits is feasible. Future research will focus on the segregation of alleles at RFLP loci in segregating progeny of an Ax B x C x 172 cross.
Currently we have identified a number of polymorphic clones and these will be used for the creation of a linkage map. Primary trisomics can be produced in Vicia faba (Cabrera and Martin, 1989) and these can be used to assign probes rapidly to specific chromosomes via dosage effects as described by Young et aL (1987) . In this way we aim to generate a linkage map with genetic markers distributed across the Vicia faba genome. We anticipate that this map will provide a powerful tool for monitoring recombination between specific loci and enable the potential variation available in Vicia faba to be manipulated with greater precision.
